Abstract. This work is an investigation to obtain dynamic estimates of free water surface (FWS) coverage in the Mackenzie River basin in northwest Canada. The method used in this study is based on the basin wetness index (BWI), which is computed using the brightness temperature of remotely sensed special sensor microwave imager (SSM/I) data in the 19, 37, and 85 GHz channels. In its basic formulation, the BWI uses two empirical parameters that are constant in time, but they may vary in space depending on the surface type. Hence, a preliminary classification exercise is necessary to apply the BWI. The temporal evolution of the vegetation state and the basin heterogeneity suggest that these parameters could vary in both time and space. An alternative approach is therefore proposed that allows for a reassessment of the empirical constants at the reception of each new image. This approach allows the preliminary classification step to be eliminated. The variability of the parameters over time will account for the evolution of the vegetation cover and improve the BWI sensitivity to the surface wetness. The index was computed for each pixel (625 km 2 ) on a daily basis for the summer seasons from 1997 to 2000 over the entire surface of the Mackenzie River basin (1.8 × 10 6 km 2 ), which makes up roughly 20% of the area of Canada. The FWS was computed based on the BWI estimates. The reliability of this approach is assessed by analyzing the agreement of the FWS variability with the fluctuations of the climatological and hydrological conditions. Résumé. Ce travail vise l'estimation dynamique de la fraction en eau libre au bassin du Mackenzie, au nord-ouest canadien. La méthodologie préconisée est basée sur le concept de l'indice d'humidité du bassin (BWI). Cet indice se calcule par une combinaison linaire des températures de brillance mesurées par le capteur SSM/I aux fréquences 19, 37 et 85 GHz. L'expression du BWI fait appel à deux paramètres empiriques. Ces paramètres sont constants dans le temps mais ils peuvent varier dans l'espace dépendamment du type du sol. Cependant, l'évolution temporelle du couvert végétal et l'hétérogénéité du bassin étudié font que ces paramètres soient variables dans l'espace et dans le temps. Ainsi, une nouvelle approche a été proposée permettant l'estimation des paramètres empiriques de l'indice à la réception de chaque nouvelle image. Cette approche permet de surmonter l'étape préliminaire de classification. D'autre part, la variabilité des paramètres dans le temps a été générée par le développement du couvert végétal et le changement des conditions à la surface. Cette variabilité a amélioré la sensitivité du BWI à l'humidité de surface. L'indice a été estimé, pour chaque pixel, 625 km 2 , sur une base journalière et ce pour tout le bassin du Mackenzie (1,8 million km 2 ) qui comprend environ 20 % de la superficie totale du Canada. En se basant sur les valeurs du BWI, la fraction d'eau libre à la surface (FWS) a été calculée. La fiabilité de l'approche a été évaluée en analysant la concordance entre la variabilité du FWS avec les fluctuations des conditions climatologiques et hydrologiques.
Introduction
This work is part of the Mackenzie Global Energy and Water Cycle Experiment (GEWEX) study, or MAGS. MAGS is the Canadian contribution to the GEWEX international program. The main objective of the MAGS project is to understand the hydrological and climatological processes occurring within the Mackenzie River basin in northwestern Canada. Soil moisture is a crucial parameter to achieve this objective, but in situ measurements are not representative at the basin scale, especially over large basins such as the Mackenzie River basin. On the other hand, the potential for the use of passive microwaves for soil moisture retrieval was demonstrated in several studies (e.g., Ulaby et al., 1986; Jackson and Le Vine, 1996; Njoku and Entekhabi, 1996; Schmugge, 1998) .
Consequently, given the large extent of the Mackenzie River basin, passive microwave data were used in this work for soil moisture estimation.
Passive-microwave approaches to determine soil wetness generally fall into one of the following categories. In the first category, inversion of a radiative transfer model is generally applied to estimate soil moisture (Lakshmi and Wood, 1997; Bindlish et al., 2003; Njoku et al., 2003) . The formulation of the radiative transfer model depends on the microwave frequencies used. In the second category, simplistic approaches have been developed based on the wetness index concept, or on statistical correlations between brightness temperature and other climatological and hydrological variables and (or) some surface features (Prigent, 1997; Basist et al., 1998; Tanaka et al., 2000; Paloscia et al., 2001) .
In this study, a particular interest has been given to this second category of approaches. Simplistic approaches are more attractive when using high microwave frequencies because it is more complicated to accurately take into account the vegetation and atmosphere contributions when using a radiative transfer model. Paloscia et al. (2001) proposed an approach to estimate soil moisture over large watersheds based on the use of a linear relationship between soil moisture and a polarization index estimated from vertical and horizontal polarized brightness temperature measurements. In their study, the linear relationship coefficients were dependent on the leaf area index value. Tanaka et al. (2000) have used the variability of the differences between soil surface and water emissivities to calculate the fraction of flooded area on a pixel per pixel basis. Tanaka et al. used brightness temperature sensed at 19 and 37 GHz. Fily et al. (2003) recommended a different approach using special sensor microwave imager (SSM/I) images. Their approach is based on the difference between horizontal and vertical brightness temperature polarizations at the same frequency. Using this concept, Fily et al. estimated surface temperature and soil emissivity. Basist et al. (1998) proposed an approach based on the correlation between the decrease of emissivity and the brightness temperature differences. They defined a basin wetness index (BWI), which is sensitive to liquid water on the surface within the satellite field of view (FOV).
In this work, particular interest has been given to the wetness index proposed by Basist et al. (1998) . This index was selected because of its simplicity and the availability of data allowing its application, namely brightness temperature remotely sensed by SSM/I in three different channels (19, 37, and 85 GHz) and surface temperature provided by the global environmental multiscale (GEM) model (Coté et al., 1998) . Furthermore, this index allows the calculation of the free water surface coverage (FWS), which is a potential indicator of water storage within the upper soil layer. The FWS is a combination of two responses from liquid water at the soil surface and open water bodies.
The objective of the present paper is to develop a dynamic basin wetness index that can take into account the spatial and temporal variability of physiographic features of a watershed, such as vegetation type and seasonal growth. It is thought that by considering a dynamic component we will be able to better capture the spatial heterogeneity and temporal variability of basin wetness. The developed approach is based on the BWI, which is a linear combination of brightness temperature weighted by two empirical parameters that account for the nonlinear decrease of the emissivity with moisture at high frequencies. In previous studies (Basist et al., 1998; Williams et al., 2000) , these empirical parameters are constant in space and (or) time. This study aims at estimating BWI and FWS using variable empirical parameters in both space and time. A trend of the variability of these parameters is developed. The use of the empirical parameters trend instead of two constant values allows taking into account the effect of changing surface conditions. Hence, the BWI and FWS are more sensitive to moisture conditions over the soil surface. Furthermore, the proposed approach was applied without a preliminary classification step. It was possible to account for the basin heterogeneity by using empirical parameter trends calculated for each pixel of the basin. Hence, both spatial and temporal variations were considered by the proposed approach. Accurate estimates of basin wetness are necessary to close the water balance and retrieve interannual variability, both of which are essential to a better understanding of the hydrologic cycle of the Mackenzie River basin.
Basin wetness index
The basin wetness index (BWI) suggested by Basist et al. (1998) is based on the correlation between the emissivity decrease and the presence of water at or near the soil surface which affects the brightness temperature differences measured at 19, 37, and 85 GHz. The moisture in the soil reduces its emissivity and affects the differences between emissivities estimated at different frequencies. The emissivity reduction, ∆ε, can be computed as follows:
where β 0 and β 1 are two empirical parameters (discussed later in the paper); ε is the emissivity; and ν 1 , ν 2 , and ν 3 are 19, 37, and 85 GHz SSM/I frequencies, respectively. This relationship between emissivity reduction and emissivity differences could be expressed by a linear combination of brightness temperature differences that defines the BWI, and thus the BWI is written as
where
, and T b (ν 3 ) are SSM/I brightness temperatures at 19, 37, and 85 GHz, respectively. These brightness temperatures correspond to the vertically polarized channels to minimize the emissivity variation due to wet surfaces. β 0 and β 1 are two empirical parameters that account for the nonlinear decrease of the emissivity with an increase in moisture at high frequencies. In addition, these parameters account for the mismatching FOVs, which vary from 60 km at 19 GHz to 15 km at 85 GHz (Basist et al., 2001; Tanaka et al., 2003) . Wetness reduces the emissivity and therefore the sensed brightness temperature. To accurately estimate the surface temperature, the wetness effect should be taken into account by adding the BWI to the brightness temperature. The BWI can therefore be considered as compensation for the vertically polarized brightness temperature reduction at 19 GHz due to soil wetness (Basist et al., 1998) . The surface temperature can be estimated by the following relation:
where T b(19V) is the vertical polarization brightness temperature at 19 GHz; and ε 0 is the dry-land emissivity, assumed to be equal to 0.95 and approximately frequency independent. Fily et al. (2003) used the value of 0.97 for ε 0 ; according to their study, this difference could result in a 3% relative difference in the final FWS estimate. An FWS coverage parameter has been defined in several studies (Choudhury, 1991; Prigent, 1997; Tanaka et al., 2000; Fily et al., 2003) . It is the fraction of surface within a pixel covered by water. Generally, the FWS is estimated by an emissivity difference ratio:
where ε drysurface , ε soil , and ε wetsurface are the emissivity of a dry surface, soil, and a wet surface, respectively. In the Basist et al. (1998) study, this parameter is written as follows:
where T b(19V) is the vertical polarization brightness temperature at 19 GHz. The value of 0.33 is the average (empirically determined) difference between wet and dry soil surface emissivities. Soil emissivity in Equation (4) is estimated in Equation (5) by the ratio of the brightness temperature measured at 19 GHz, vertically polarized, to the estimated surface temperature with the wetness correction. Thus, the FWS is related to the BWI. Both are linked to the amount of liquid water at or near the surface within the satellite FOV. In addition, both are sensitive to water intercepted by vegetation and flooded or wet open areas between plants. Their sensitivity to water on the ground depends on the state of vegetation. A dense vegetation cover should attenuate the underlying soil signal and reduce the index sensitivity, especially at high microwave frequencies. Temporal evolution of vegetation cover is critical for the determination of BWI and FWS. The dynamic effect should be filtered out to increase the BWI sensitivity to the water at the soil surface. Despite the dominance of the surface water effect, free water at the soil surface also contributes to the radiating signal. It is impossible to separate the combined responses exclusively by the use of passive microwaves (Fily et al., 2003) , however. Other sources of data should be used to achieve this objective.
Empirical parameters β 0 and β 1 of the BWI formula should minimize the difference between the linear combination of brightness temperature (Equation (2)) and the difference between surface temperature and brightness temperature at 19 GHz, vertically polarized, divided by ε 0 .
These parameters should extract the maximum correlation. The relationship between the surface temperature and the vertically polarized brightness temperature at 19 GHz, divided by ε 0 , and the linear combination of brightness temperature differences are affected by the variation of the amount of water at the soil surface and by the vegetation cover. The accuracy of the empirical parameters is important to improving the BWI estimates.
According to Basist et al. (1998) , these empirical parameters are constant for both space and time. Williams et al. (2000) proposed calibrating these parameters based on surface types. Hence, a preliminary classification exercise was required in their study to identify surface types. Six different surface types were identified. The accuracy of the results was shown to vary from one surface type to another. To improve the reliability of the approach, more surface types need to be defined (Williams et al., 2000) .
Application
The following sections examine the algorithms that use variable and fixed parameter inputs. The BWI and FWS indices are estimated using both constant and dynamic parameters. The results obtained using the dynamic algorithm are compared with those obtained using constant parameters. Moreover, the variability of the empirical parameters in both space and time is investigated and the FWS values are compared with discharge measurements.
Study area
The methodology proposed in this work is applied to the Mackenzie River basin (Figure 1) . The mean annual runoff at the basin outlet is about 9100 m 3 /s. The basin is divided into six major subbasins. Northward, the vegetation in the Mackenzie Basin varies from the prairies, through the boreal forests, to the tundra zone in the most northerly part of the basin. In the western part of the basin, the mountains rise to 2-3 km, and the northeastern and central sites are roughly the lowest parts of the basin (Stewart et al., 1998; Rouse, 2000) . The Mackenzie basin contains some of the largest freshwater lakes in the world: Great Bear Lake, Great Slave Lake, and Lake Athabasca. These lakes were included in the BWI estimate, although the methodology could not be applied accurately on extended water surfaces because the emissivity is so reduced over these surfaces that the atmospheric contribution becomes significant (Williams et al., 2000) . SSM/I data were extracted from the database of the National Snow and Ice Data Center. The resolution of the SSM/I imported images is 25.0 km for 19 and 37 GHz and 12.5 km for 85 GHz. The images are mapped in polar azimuthal equal-area grids (ascending mode). A mask, in which the subbasins were identified, was applied to the SSM/I images. Air temperatures were computed by the GEM model, a meteorological forecast model developed by the Canadian Meteorological Centre (Coté et al., 1998) . This model produces forecasts for all of North America. Daily estimations of surface temperature are needed to apply the methodology proposed in this work. Regardless of the GEM forecast performance, which is beyond the objective of this work, the model results were considered as true values because they provide daily coverage of the entire Mackenzie River basin. Air temperatures were used in this work as an approximation of soil temperatures (Lakshmi and Wood, 1997) .
Dynamic basin wetness index
The vegetation growth during the summer season decreases the portion of soil surface "seen" by a microwave sensor and affects the soil emissivity. Brightness temperatures are highly affected by the presence of moisture near the soil surface, however, and as a result the BWI sensitivity to soil moisture should vary during the summer season. Therefore, the relationship between the emissivity reduction, due to wetness, and the brightness temperature differences, which define the BWI, needs to be readjusted over time. It is essential to take into account the evolution of the vegetation cover to improve the index sensitivity to wet surfaces.
To overcome the classification step and account for the temporal evolution of the vegetation cover, the parameters of the BWI were dynamically updated at the reception of each new image and on a pixel per pixel basis. Hence, a mobile window was programmed to scan the image. It is expected that this dynamic readjustment will improve the BWI sensitivity to the liquid water on the soil surface. Also, empirical parameters should present a similar variability during summer seasons due to the repeatability of the vegetation development cycle.
The window width was fixed at 5 pixels. Considering the SSM/I image resolution, the total width of the window is 125 km. This width was chosen to satisfy two criteria: (i) include a reasonable number of pixels to compute the empirical parameters from a simple regression formulation; and (ii) a limited width to retain a homogeneous area for the determination of parameters. The estimated empirical parameters could vary with the size of the mobile window. Despite this variation, it is expected that they will maintain the same trend. Considering that the trend of the parameters will be used to estimate BWI and FWS, the size of the mobile window does not seem to be crucial as long as it satisfies the two aforementioned conditions. At the reception of each new image, the empirical parameters are estimated for the central pixel of the mobile window, allowing the temporal variation of these parameters to be assessed. The first step of the applied algorithm is to verify the similarity of the assumed parameter trends. Second, an average trend is determined for each pixel. Lastly, simulations are carried out using the average trend. To better appreciate the results of the proposed approach, a comparison is made between the FWSs determined using constant empirical parameters and those determined using variable empirical parameters.
Results and discussion
In the first step, brightness temperatures and air temperatures for 1998 and 1999 were used to estimate the empirical parameters of the BWI, daily and on a pixel per pixel basis. The resulting curves were filtered to extract temporal trends of the parameters during the summer season. The fitted curves were than averaged. As a second step, variable parameters from the fitted averaged curves were used to compute the BWI and therefore the FWS for other years. By using the average trend of the empirical parameters it was also possible to carry out simulations for the years used for the calibration step, namely 1999 and 1998.
The temporal evolution of the vegetation and surface conditions should have an effect on the emission process and consequently on the relationship between the BWI and the brightness temperature differences. Therefore, temporal variations of soil emissivity can be subdivided into two components: (i) fluctuations around a fitted curve caused by rapid variations of the atmospheric contribution and of the surface temperature, and (ii) a trend that depends for the most part on the slow variation of the vegetation. Figure 2 illustrates the variability of the empirical parameters during the summer seasons of 1998 and 1999. Simulations were carried out over 1 pixel in the delta of the Mackenzie River basin (latitude 69.01°N, longitude 134.13°W). The delta is a flat, open area in the northerly part of the basin. First, Figure 2 shows that the empirical parameters are not time invariant. The variability of the parameters and the repeatability of this variability over time seem to be principally caused by the evolution of the vegetation cover. Fluctuations around the fitted curve are a combination of the changing atmospheric conditions, surface state evolution, and the heterogeneity effect, which all affect the determination of empirical parameters using the moving window. Second, Figures 2a and 2b show that fitted curves estimated for the years 1998 and 1999 are similar. In fact, on a pixel per pixel basis, the correlation coefficient of the parameter β 0 (Figure 3) between the trends for the 2 years is higher than 0.7 over most of the Mackenzie River basin, except for the mountainous area in the west. A topography effect that has not been considered in this research is probably responsible for the observed lack of correlation. Furthermore, it was noticed that β 0 values are generally higher than β 1 values (Figure 2) , since the emissivity depression is greatest at low frequencies. Hence, more weight is given to the difference (T b(37V) -T b(19V) ). Moreover, this difference is less affected by the vegetation cover than the difference (T b(85V) -T b(37V) ) and therefore is more sensitive to free water bodies at the soil surface.
An average trend was generated for each pixel based on the fitted curves derived for each summer season. The trends were then used along with Equations (3) and (5) to estimate the BWI and FWS from SSM/I data for the summer seasons of 1997, 1998, 1999, and 2000 . Instead of using constant parameters in the BWI formula, β 1 and β 0 trends were used. The variability of these parameters reflects the evolution of the vegetation cover and surface conditions. Figure 4 is an example of average monthly FWS estimates computed using SSM/I data measured during the summer season of 2000. FWS values vary between 0 (dry land) and 100 (water), which clearly indicates the spatial variability of the water surface area over the basin. The FWS increases progressively from the southern part to the northern part of the basin. The largest lakes, i.e., Great Bear Lake, Great Slave Lake, and Lake Athabaska, are gradually covered by water as the snowmelt progresses. Some water bodies have begun to thaw south of Lake Athabasca and in the eastern part of the Mackenzie River basin, between the largest lakes. The southwest region of the basin has the highest average annual precipitation (Stewart et al., 1998) , and therefore it is generally the wettest part of the basin. There is some uncertainty, however, because of the presence of relatively dense vegetation cover and a topography effect that is not considered in our study. Also, the area between Great Bear Lake and Great Slave Lake has higher FWS values than other parts of the basin. It is interesting to note that, except for the basin delta, this area is roughly the lowest part in the Mackenzie River basin. The spatial distribution of the FWS parameter agrees well with the basin topography. It should be noted that both indices reflect the amount of water on the surface of the watershed, but they differ in terms of units employed, as the BWI is expressed in Kelvin units and the FWS is expressed as the percentage of area covered with water. For practical reasons of presentation, only the FWS simulation results are presented in this work.
The variation of FWS over the basin outlet is presented in Figure 5 . The FWS values were computed for the summer seasons of 1997, 1998, 1999, and 2000 . FWS values computed for the 1998 summer season are higher than those for other years. It is worth mentioning that the El Niño phenomenon was observed during 1998 (Rouse 2000) . Temperatures over the basin for 1998 were above normal, and the summer season of 1998 was the 8th wettest summer on record (Kochtubajda et al., 2000) . The unusually high temperatures during the spring season extended the ice-free period and caused the melting of larger quantities of snow and ice. These observations explain the higher values of FWS, especially at the beginning of the summer in 1998. In addition, in August 1998 the basin was considered a source of moisture because evaporation exceeded precipitation by nearly 17 mm/month compared with (precipitation minus evaporation) values of 6.92 and 9.33 mm/month for August 1997 and August 1999, respectively, which were normal years (Proctor et al., 2000) . For this reason, the slope of the decrease in FWS at the end of the summer of 1998 was much steeper than that of the other years.
The FWS indicates the fraction of water surface within a pixel. Its temporal evolution can be related to climate variations and thus can potentially be related to climate variability. As seen in Figure 5 , the FWS curve displays a similar trend, first characterized by a sustained increase at the beginning of the spring season as the melting snow extends the water surface. This is followed by a flattening of the curves during the months of June and July as precipitation and snowmelt are compensated by evaporation and discharge. Lastly, a decrease in the FWS is noticed as snowmelt no longer contributes to the hydrologic cycle and evaporation plus runoff exceed precipitation. Figure 6 presents the variation of estimated FWS, using constant empirical parameters, over the Mackenzie River outlet. To achieve this simulation, the mean values of each variable parameter β 0 and β 1 were used. We assume that the Mackenzie River basin delta area over which the simulation was carried out is homogeneous. According to Figure 6 , the FWS variability in this case is different from that described previously. The FWS parameter reaches its maximum just at the beginning of spring. In summer, it maintains almost the same value, before a decrease at the end of the summer season, but not for FWS estimated using constant empirical parameters. The agreement between the FWS curve and the outlet hydrograph improves when variable empirical parameters are used.
Conclusion
The aim of this work was to provide a dynamic estimation of the free water surface (FWS) coverage over the Mackenzie River basin. Simulations were carried out for the summer seasons from 1997 to 2000. The method used relates the basin wetness index (BWI) to brightness temperature measurements in an approach similar to that proposed by Basist et al. (1998) . To apply this methodology, special sensor microwave imager (SSM/I) images taken at 19, 37, and 85 GHz were used as well as temperature data. The basin heterogeneity and the temporal change of the surface conditions indicate that variable empirical parameters should be used to determine the BWI. The proposed methodology accounts for the evolution of the vegetation cover over time and overcomes the classification step. This parameter readjustment maximizes the correlation between the wetness index and the amount of water in the soil. The FWS was computed based on the BWI values, and the results are encouraging, as the FWS is sensitive to hydrological and climatological variations. 
